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ABSTRACT
Title of Dissertation:
Optimization of wind assisted ship propulsion
through 3D Computational fluid Dynamics: application of rigid wind sails on a
bulk carrier.
Degree:

Master of Science

Convinced that not only one solution is able to meet the ambitious goal towards
phasing out emissions in this century, it is obvious that combining alternative fuels
with innovative technologies is key to comply with these strict regulations. In this
regard, wind assisted ship propulsion (WASP) has regained momentum in the
maritime sector.
The harnessing of this technology has not currently permitted to fully understand their
potential due to many aerodynamic effects between them on one hand and with the
ship’s superstructure on the other hand. This study uses 3D Computational Fluid
Dynamics (CFD) to show how the flow interaction between sails can modify the thrust
force and power outputs and indirectly the ship’s energy efficiency.
Studies have investigated how efficient sails would be for a ship by optimizing the sail
angle of multiple wing sails to assist its propulsion. Unfortunately, not many was able
to include the impact of the sails interactions in the power output.
This paper will take the findings of previous study as reference to investigate the thrust
force including the aerodynamic effects produced by one sail, three sails and then five
or seven sails at optimal conditions using 3D CFD in order to evaluate more
realistically the power contribution of sails.
Simulations have proven that the scalability of wind sails was function of the distance
between them and wind statistics. This study enables to find the exact number of sails
to be mounted on board the bulker studied in the paper. That number was function of
the maximum sail area (SA) corresponding to this specific ship, the interaction effects
between the sails, their aspect ratio as well as their performance marked by the lift
coefficient. The exact number of sails in the conditions of simulation produced up to
82% share in power contribution.
KEYWORDS: Ambitious goal, WASP, aerodynamic effects, 3D CFD, energy
efficiency, optimization, scalability, SA, power contribution.
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1. INTRODUCTION
1.1

Background

The maritime industry, as with the concern about climate change, is orienting its
compass towards sustainability and maritime decarbonization. The International
Maritime Organization ([IMO],2021) has set ambitious goals of cutting Greenhouse
Gas emissions by at least 50% by 2050 compared to 2008, and carbon dioxide
emissions per transport work by at least 40% by 2030 towards 70% by 2050 in
combating climate change in support with the United Nation sustainable development
goal 13. That goal is commensurate with the 2015 Paris agreement which envisages
the limitation of a rise in temperature to 2°C by 2100 with endeavours to no more than
1,5°C. The finality of those measures is to phase out anthropogenic emissions in the
maritime sector in this century.
To meet this ambitious goal, it became obvious that the maritime sector should change
its paradigm heavily relying on fossil fuels. In this respect, many studies have proposed
alternatives to oil-based fuels. The great majority of which have focused their studies
on low carbon fuels and/or natural gas with the key candidates being the Liquefied
petroleum gas (LPG), hydrogen, the Liquefied Natural Gas (LNG), methanol, biofuels,
and ammonia rather than innovative solutions like wind and solar technologies.
Although these key candidates might be eventually more disastrous for the climate and
would not be the genuine way for an efficient decarbonization. According to Pape
(2020), LNG seems to be the most promising marine fuel between the key candidates.
Yet, it is mentioned that it cannot contribute as expected to shipping's decarbonization,
instead it can help improve air quality in ports and reduce shipping's impact on
environment and human health. In fact, wide-safety concerns have been raised by the
industry around the storage, the bunkering and the use of emerging fuels (IMO,2021),
and for the International council on clean transportation (ICCT), the use of LNG as a
fuel no matter the type of engine does not help the climate change situation given the
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global warming potential of methane (Pape, 2020). On top of that, Foretich et al (2021)
have conducted a comparative study between alternative fuels to elucidate the potential
benefits, trade-offs, regulatory drivers, and challenges in the maritime sector. The
study clearly showed that all the fuel aforementioned have shortfalls in terms of
bunkering, production levels, engine compatibility, cold weather performance,
corrosiveness, volumetric energy density, abrasiveness, fuel stability, storage
convenience, retrofit cost, fuel standards specifications, current fuel cost, flammability
limit, toxicity, life cycle, explosion and/or spill risk. Nevertheless, they can give
promising results if completed or assisted by innovative technologies.

On the other hand, innovative alternatives such as wind and solar technologies are
free sources, very effective for large ocean-going vessels, and are proven to be greener
and more effective to achieve a zero net emission by 2100. Among the advantages
offered by wind propulsion for example, (Atkinson et al., 2018b) listed reduction in
fuel consumption, emissions, operating costs, source of emergency propulsion,
improved vessel stability, less space needed for fuel as strengths during a rigid sails
SWOT analysis. (Lu & Ringsberg, 2020) state that wind-assisted ship propulsion is an
important renewable source of energy for the future of the maritime industry capable
of offering double-digit fuel and emissions savings. However, the potential of solar
technology as an energy source for ship propulsion is promising considering the
abundance of sunlight as a free source and its cheap cost. According to (Zhu et al.,
2017), Solar as a source of energy on ships is a certain pathway to meet the requirement
of the maritime industry to phase out GHG emissions. Nevertheless, to achieve a better
optimization of the ship's energy efficiency, it is recommended to integrate various
energy sources. Considering the ability to increase the level of efficiency, (Inal et al.,
2022b) states that the use of a multi-source energy system enables the optimization
and improvement of ship power generation.

1.2

Problem statement
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Studies and research are still ongoing for the transition to green shipping. At this
moment, there is not any available miracle solution. In the path of reducing the share
of the international shipping in the total annual GHG emissions, solar technology has
been envisioned mostly in the electrically powered vessels whereas the wind assisted
ship propulsion (WASP) has got a widespread reappraisal mainly for large oceangoing vessels. Meanwhile, ship owners and operators are eager to know the actual fuel
saving for a specific ship and a specific voyage route (Lu & Ringsberg, 2020).
“Wind and solar power are gaining momentum because they are readily available
energy resources and contribute to almost zero emissions” (Nyanya et al., 2021), yet a
very limited numbers of literature dealing with wind assisted propulsion for ships'
energy efficiency are available. The few available resources evoke this topic from a
technical angle, other studies focus on the economical aspect, the majority of them
already suggest a number of plants and their configuration on the deck; but few harness
the optimization of this free-source of energy by looking deeply on the sails to sails
interaction effect and how it gives indication of the right number of units as well as
their distribution on the deck more importantly, how it impacts the sails power. An
application on a specific ship operating in a given area of operation can furtherly help
in the evaluation of the gained energy efficiency.

1.3

Aim of Research

This research proposes to investigate the airflow and performance of multiple wing
sails on a ship, by using CFD. The analysis is based on previous optimizations using
tabulated aerodynamic forces and angles. The flow analysis is aimed at analysing the
propulsion forces of the bulk carrier Epiphania operating with multiple sails, in the
view to better understand the differences in operation with one or multiple sails, to be
able to eventually maximize the power of this innovative technologies for on board
ship application.

1.4

Significance of Research
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As bulk carriers have increased their total carrying capacity from 39 to 43% from 2011
to 2021 being ranked first with 913 million DWT against 619 million DWT for oil
tankers (UNCTAD, 2021), it is important for both the maritime sector and the owners
and operators of this type of vessel to know exactly to what extent the use of wind
technologies can be beneficial for their operation and how to optimize their
performance.
One specificity of this research is the determination of the thrust force generated by
multiple sails taking into account the sails to sails interaction effects on the deck area
for a more optimized result.
Another specificity of this research is to give the optimal number of wind rigs to be
installed and predict the energy efficiency and the fuel saved from this free-source of
energy.
Nyanya et al. (2021) attempted to model the sails to sails effects through a simplified
approach suggesting that the sails power increases linearly with the number of sails on
the deck area if there were no interaction effects. This research will complete this
result.
Ouchi et al. (2013) used CFD to calculate the aerodynamic performance of 9 rigid
wind sails onboard a Capesize bulker taking into consideration the flow interactions
between the sails. This research gives another prospective to their findings.
This study constitutes a basis for similar studies using Computational fluid Dynamics.
This study is a contribution to the corpus of articles about the full decarbonization of
the maritime industry by an advanced optimization of wind technologies using
Computational Fluid Dynamics. Therefore, it may serve as empirical literature for
future research on this subject.

1.5

Research Questions

This work tries to address the following research questions:
What does the flow pattern around a wing sail deployed on a bulk carrier look like?
What are the velocities and pressures in the flow-field?
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How much force can be produced by 1, 3, 5 or 7 wing sails at optimal conditions?
Is CFD capable of indicating the optimal amount of wind sails?
What is the right number of sails to mount on board the selected vessel?
How much fuel can be saved or what is the power contribution at this optimal
combination?

1.6

Scope, assumptions and potential limitations

This study focuses on the analysis of one innovative technology on board a selected
Bulk Carrier to reduce the consumption of fossil fuel and increase the energy
efficiency.
In the context of study, some considerations will not be addressed such as: ship’s
stability and design, economic feasibility and consequences, hull interaction and
sideway forces induced by sails.
Potential limitations include the fact that CFD are memory intensive and may require
a more appropriate computer. On top of that, the software used are free versions limited
in some features. Another barrier is the limited numbers of literatures available on this
topic. Most of them are thesis hardly obtainable.
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2. LITERATURE REVIEW
2.1

Introduction

This chapter proposes the review of the current trend in the maritime pathway for
decarbonization. Actions from regional organizations have not been considered in this
part. Moreover, to achieve a better understanding of the topic, it would be interesting
to go back to the evolution of both wind and solar technology especially their
application in the maritime industry and how they made their way to be the focus of
today’s interests.

2.2

Brief History of the regulatory framework

After almost two decades of urgent calling from the scientific community, the
regulatory framework on air pollution and Greenhouse gas emissions dates back in
1972 at the United Nations Conference on Human Environment leading to the
establishment of the United Nations Environment Programme (UNEP).
Twenty years later was held to develop a global plan for actions against environmental
impacts of anthropogenic activities creating social and economic issues. This agenda
would guide international cooperation in fighting climate change. The concept of
sustainable development emerged from that summit along with the United Nations
Framework Convention on Climate Change (UNFCCC) (“United Nations”, n.d).
In 2015, the Paris Agreement, an internationally binding treaty, aims to limit global
warming under 2℃ ideally at 1,5℃ in this century compared to pre-industrial levels
(UNCC, 2022).

2.3

IMO’s response

7

The adoption of the Energy Efficiency Design Index (EEDI) for new ships under the
International Convention for the Prevention of Pollution from Ships (MARPOL) and
the Ship Energy Efficiency Management Plan (SEEMP) in 2011, about a decade after
the first IMO GHG study, marked the starting of the IMO’s response in addressing
climate change. These tools implemented in the fight against air pollution entered into
force in 2013. On January 1st 2015, a month after the third IMO GHG study was
issued, the phase 1 of the EEDI requirement took effect. That technical IMO’s tool
consists of requirements set for the design stage enabling 10 to 50% of energy
efficiency into 3 phases. In fact, this mandatory tool ensured that ships are built energy
efficiently. It’s the first improvement towards greener ships. Polakis et al. (2019) argue
that the aim of the EEDI is to be the common ground for comparison, to encourage
ships to be more efficient and to fix a minimum efficiency standard depending on the
size and the type of ships. In 2016, the IMO Data Collection System (DCS), a
mandatory requirement for ships over 5000gt forcing ship operators to collect and
report their fuel consumption, was adopted. The commitment of the IMO in combating
climate change is embodied by the IMO’s initial GHG strategy adopted in 2018. In
support of the goal 13 of the United Nations sustainable development goals, IMO set
ambitious targets of aggregated efforts towards the phasing out of carbon/GHG
emissions by the end of this century commensurate with the Paris Agreement
objective. The strategy described in the Resolution MEPC.304(72), reveals three
levels of ambition that are:
● Reduction of the carbon intensity from ships through implementation of
appropriately revised phases of the Energy Efficiency Design Index for new
ships
● Reduction of carbon emissions per transport work across international shipping
by at least 40% by 2030 pursuing efforts towards 70% by 2050 compared to
the base year 2008
● Reach of the highest point and reduction of GHG emissions by at least 50% by
2050 pursuing effort toward phasing them out in this century consistent with
the Paris agreement.
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2.4

Trend in the Research and Development Sector

In the view of providing valuable solutions based on scientific approach, the R&D
sector set the course towards fossil free fuels and innovative technologies.
The option of nuclear power presents great advantages as a mature and complete
technology allowing vessels to reach a considerable range with no need of
replenishment or refuelling with very compelling power generation, no combustion air
intakes in other words exhaust gas emissions. Among the advantages offered by
nuclear powered ships, Gravina et al. (2013) listed low-cost and stable price of nuclear
fuel, no-need of slow-steaming, a very small engine room space, longer lifespan of
ships, and a proven technology considering the number of nuclear powered vessels
that have been operating with no serious accidents. However, Xing et al. (2021)
mentions societal objection engendered by a negative perception, and low costeffectiveness as main barriers for the widespread use of nuclear technology to alleviate
the share of the maritime sector in the GHG emissions.
Batteries have been widely adopted as a GHG abatement technology. According to the
classification society Bureau Veritas, as of 2021, more than 150 electric vessels are in
operation with an extra 100 battery-powered vessels under construction (“entering”,
2021). However, some technical limitations such as low volumetric and gravimetric
energy density which means that they are voluminous and heavy, make it unrealistic
and technically inadequate for ocean-going vessels. Rather it is a good alternative for
coastal navigation and domestic voyages of a certain type of vessel such as passengers
or cruisers enabling shore charging at a given frequency. Papanikolaou (2020) has
investigated the challenges of marine electrically powered vessels from their design
and technology. The technological issues included capacity, space requirement and
weight of the batteries impacted by their volumetric and gravimetric energy density.
Another issue is the lifespan of batteries which is presently estimated to be 10 years
for some and longer for others depending on the quality and the usage. In any case, the
capacity and performance of the battery is decreasing over time. This opens the
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question to the post treatment of batteries: their recycling. The state of charge of the
battery should never go below 50% raising the question of charging frequency
impacting the ship’s design and presenting a serious constraint to its operations (DNV
GL, 2019b as cited by Papanikolaou, 2020). Furthermore, many safety issues to
consider in the design stage related to the location in the ship of the whole battery racks
have been identified by Papanikolaou (2020) such as fire suppression system, risks of
explosion and off gas ventilation, emergency routes to escape from ship and battery
rooms. In addition to some technological and operational issues, the life cycle
assessment of batteries suggests that the emissions reduced in the wake have shifted
in the well phases. Jeong et al. (2020) realized a comparative analysis of environmental
benefits of a diesel mechanical Roro/passenger ship sailing in Korean waters by
modelling and by simulation of a battery system equipment and eventually a life cycle
assessment was done to compare the environmental footprint of the two propulsion
systems. The results presented in the following figure show that batteries are not a zero
emissions technology due to the fact a huge amount of emissions are produced during
their production stage mostly for the Global Warming Potential indicator (GWP).
Battery emissions are 5 times more important in the production process than that of
marine diesel for the GWP.
Figure 1. Life Cycle Assessment of a battery.
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Source: Jeong et al. (2020)
The classification society DNV GL (2019a) wrote a report comparing alternative fuels
from commercial and operational perspectives discussed in many literature reviews.
Among the best options they have listed LNG, LPG, methanol, ammonia, Hydrogen,
biofuels comprising Liquefied Biogas (LBG), Fatty acid methyl ester (FAME), Hydro
treated vegetable oil (HVO) and electricity (in batteries). Wang & Wright (2021) have
done an in depth examination of selected alternative fuels from an economic,
environmental, technical and political context in order to bring a contribution in the
medium to long term IMO’s intention to encourage the uptake of low-carbon fuels as
part of its GHG reduction mechanism. The fuels assessed are hydrogen, methanol,
ammonia, LNG, biodiesel, LBG and electricity. In the study led by Prussi et al. (2021),
the key fossil-free fuels put to comparison were LNG, Methanol, FAME, HVO,
ammonia, hydrogen and electricity. It can be inferred that the key candidates’ fuels for
maritime decarbonization are LNG, hydrogen, ammonia, biofuels, methanol and
electricity (batteries).
The process of assessing low-carbon fuels lies in various characteristics essential for
their adoption ranging mainly from environmental and infrastructural factors to
economic, social and technical factors. The following table lists most of them.
Table 1. Selection criteria for fuels adoption

Source: Adapted from Xing et al. (2019)
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LNG: Mainly composed with methane at 95%, Liquefied Natural Gas can be extracted
from the reservoirs of natural gas or from waste gasification. It has regained strong
momentum in the sector due to stricter regulations on sulphur oxide SOx, Nitrogen
Oxide Nox and Particulate matters (PM). In fact, LNG has been widely accepted
among maritime as the transitional fuel with the most economic and operational
benefits (DNV GL,2019a). Currently, 251 LNG-fuelled vessels operate around the
world and an extra 403 are on order (“2021”, 2022). Among the significant advantages
offered by LNG as fuel there are: longer endurance of ships at sea, non-toxicity of the
fuel, low flash point, 20% reduction in EEDI and Carbon intensity factor, up to 80%
Nox reduction and almost no Sox nor PM emissions, up to 23% of GHG emission
reduction (“LNG as marine fuel”, n.d). Despite its importance in air emissions
response, the concentration of methane in this fuel make him an inadequate candidate
for GHG eradication. Balcombe et al. (2021) conducted a comparative study involving
LNG with other fuels on an environmental and economic perspective to ascertain the
adequacy of this fuel with decarbonisation targets. This study has shown that LNG is
preferably better in improving air quality. For Pape (2020), the use of LNG as a fuel
no matter the type of engine does not help the climate change situation given the global
warming potential of methane. Even the BioLNG (LBG) obtained from organic waste
flows processing is only good as a transition fuel in the journey to phase out GHG
(including CO2) emissions. Wang & Wright (2021) state that the large fraction of CO2
in LBG requires a purification step before it can be used as marine fuel. The cost of
this purification which is somewhat costly represent a limitation to the adoption of
LBG in the industry.

Hydrogen: Obtained through steam methane reforming (SMR) and electrolysis, many
studies are pointing out the great potential of hydrogen in meeting the IMO’s ambitious
goal. Al-Enazi et al. (2021) declares that numbers of energy analysts and policymakers
claim the great potential of hydrogen for the future of the world’s energy. Wang &
Wright (2021) estimate the hydrogen generated by SMR accounts for three quarter of
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the global demand in H2 against 3,9% from clean production leading to extensive
amount of GHG emissions.
In addition to the feedstock dilemma, the technical barrier of Hydrogen is due to its
low volumetric density requiring more storage space extensive and expensive at the
same time and represent a limit for ocean going vessels. Korberg et al. (2021) explain
that liquefied hydrogen (LH2), a solution to that technical barrier comes with another
issue which is the high energy demand for the liquefaction process. Although being
widely adopted in the maritime sector, this technology is still expensive in terms of
capital and operating costs. Besides the economical challenge, availability of the fuel,
safety issues involving handling, storage, bunkering, maturity of the technology are
among the issues that need to be addressed to enhance the readiness of hydrogen as
the best option for a greener shipping (Sürer & Arat,2022).

Ammonia: Ammonia (NH3) is a Hydrogen energy carrier made through SMR from
natural gas and gasification of charcoal and oil. Ammonia NH3 also knows as green
ammonia comes from renewable source. Ammonia is also known as a very promising
alternative fuel for the zero emission pathway. Hansson et al. (2020) state that among
other options, ammonia’s potential for maritime decarbonization is as good as that of
hydrogen. However, toxicity, corrosiveness posing a safety threat as long as relatively
low volumetric density are among the drawbacks of ammonia. The toxicity of
ammonia is three times that of gasoline and methanol making its storage and use
onboard problematic (Inal et al., 2022b). For that reason, it may suitable for domestic
navigation using ICE like hydrogen, yet further range may be achieved using fuel cell
for propulsion. Inal et al. (2022a) have conducted a comparative analysis between
hydrogen and ammonia as they are trending in the sector as the most promising
alternative fuels for long-term decarbonization. They found that Ammonia is a better
option in terms of safety, cost, sustainability and storage but fails against hydrogen on
an environmental perspective considering the lifecycle aspect from well to wheel.
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To date, there is not a miracle solution allowing the decarbonization of the maritime
sector be it in the short, medium or long term for all types of navigations. Rather, the
best option is a combination of different alternatives. There is no single solution to
curb carbon footprint in the maritime sector. Rather, it requires various responses
including alternative fuels, technical/operational innovations, new policies, education
re-skilling (Nisiforou et al., 2022). Ships whose propulsion is assisted by solar and/or
wind technology is an example of multifaceted response to maritime decarbonization.
Given their natural origin, solar and wind are zero emissions technology that can help
improve the efficiency of fossil free fuels uptake. To Xing et al. (2021), the low-carbon
transition relies on the effort of upstream sectors to integrate the world energy mix.
Several studies have envisioned the use of wind as an additional power source due to
the increasing prices of fossil fuels (Al-Enazi et al. 2021). On the other hand,
integrating the solar technology system in the power system of a ship is one of the
most emerging and rapidly growing way of greening shipping (Qiu et al., 2015).

2.5

Wind Power overview

Before the development of engines, sails have been the major source of power to
propel vessels back in the VIth millennia BC (Khan et al., 2021). However, due to
stringent regulations and global commitment on fighting anthropogenic emissions in
all sectors, wind energy regained momentum recently as a renewable source of energy.
Wind technology takes the kinetic energy from the sun and converts it into a thrust
power to propel the ship. As with the airplanes, wing sails generally reduce the drag
force and create the lift force through differential pressure around the aerofoil in order
to reduce ship’s resistance to air thus improving its aerodynamic performance (Ariffin
& Hannan, 2020). The most prominent wind propulsion technologies include: soft
sails, rigid or fixed sails, turbo-sails or suction wings kite sails, flettner rotors. The
Turbo sails are an important technology. They require a fan inside them to create a
partial vacuum, so they need energy to operate, like Flettner rotors, but they are very

14

effective at small size. They are the same as “Suction Wing”, it’s just another name
for the same thing. They will not be addressed in the context of this paper.
Depending on the technology, wind energy is harvesting differently. The two concepts
related to wind energy are WASP and wind power generation. WASP is more adequate
than the other concept due to its direct use of wind energy and its meaningful energy
efficiency (Pan et al, 2021).

2.5.1 Wind Assisted Ship Propulsion overview
WASP may refer as the portion of the overall required power delivered by a wind
technology while the big fraction of energy is brought by the main propulsion system
so as to reduce fuel consumption and negative externalities from propulsion side
(Talluri et al, 2016). This technology is to date one of the best alternatives to reduce
GHG emissions due to its availability in open sea and easy to be retrofitted on existing
ships. WASP technology can help achieve two digits of emissions reduction (Petković
et al, 2021). The technology was reignited since 2008 even though the concept already
existed. Khan et al. (2021) have listed the evolution of the three most popular – sails,
kites, rotors – WASP technologies since 2008 in the table below.
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Figure 2. Development of WASP since 2008

Source: Khan et al. (2021)

It can be inferred that some technology did not exist before 2008 while other were
already above the conceptual level and were under study. Hard sails, subject of service
trials in 2008, were ahead of the evolution compared to the others. Another observation
made from this figure is that rotors and sails are at the top usual configurations in 2021.
The potential benefits from WASP has been reviewed in the table below.

Table 2. WASP Potential

Source: Chou et al. (2021)
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The question on the best wind technology has been on the table since their
reappearance in the maritime sector.

To date it is not possible to identify the best WASP technology as specific
consideration needs to be made for specific ship in a specific area of operation. Pan et
al. (2021) listed some technical problems for WASP adoption. There are stability cargo
operations, visibility, etc… Besides, Fuel savings cannot be claimed through
simulations, experiments nor tests. Neither can it be ranged by type of wind
technologies because it depends heavily on numerous factors, technical, operational,
environmental, technological, etc… Given the small numbers of vessels fitted of
WASP, this technology acceptance is limited due to the narrowed existence of reallife results reduction (Petković et al, 2021). The following section will support this
fact.
Innovative technologies are large in number. Technical solutions include hull form
optimization, economizers of auxiliary engines, electrification grids, propulsion
efficiency devices. However, WASP is proven to be more efficient than the other
innovative technologies.
As shown in the table, Khan et al. (2021) have demonstrated that the potential GHG
savings for WASP outweigh the currently available design technologies such as air
lubrication, hull surface, bulbous bow, etc…

Table 3. Performance of different innovative technologies
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Source: Khan et al. (2021)

2.5.2 Wind technology
For the marine application, four technologies are widely used namely soft sails,
kite/towing sails, rotor sails and wind sails or aerofoils.
Believed to be the older sail technology, soft sails are traditional sails vested of modern
features made of soft fabric mainly lightweight materials which may deform due to
wind pressure such as polyester cloth and canvas. They may cause injury if not folded
up when they are not in function and their ropes might become entangled (Zhu, 2020).
Although the maturity of this technology, few ships have adopted soft sails as WASP
technology. Chou et al. (2021) state that a limitation can be noticed in the actual uptake
of soft sails in commercial shipping. Clayton (1987) performed a comparison of
different wind technologies and brought the conclusion that soft sails are the ideal
wind technology for inter-island shipping. For Atkinson et al. (2018b), there are
hardly any ships of 500GT or more equipped with soft sails that are mainly used today
by cruise ships, sail training ships and yachts.
These reasons make it difficult to find literature on the potential fuel saving and energy
efficiency achieved by using soft sail rigs.

Kite sails or towing kites are producing thrust force by capturing the energy from high
altitude winds which generate lift. It literally tows the ship off its bow. The first ship
assisted with skysails for the propulsion was the “Beluga skysail” in 2007 who
completed its first voyage from Hamburg to Houston with a success (Pan et al, 2021).
The figure below shows the force acting on the kites.
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Figure 3. forces on a towing kite

Source: Petković et al. (2021)

The shape of the profile of a kite sail, similar to an aircraft wing, is designed to reach
high lift forces at low drag (Cairns et al, 2021). The author particularly lists two
upsides of this wind technology compared to the others which are the easiness of which
this technology can be retrofitted on-board all existing cargo ships compared to other
systems relying on a mast type-structured. On top of that, kites virtually allow no
reduction on the deck area (khan et al, 2021). Another advantage of kite sails relies on
the altitude of its operation which ranges from 150 to 300 m allowing this technology
to enjoy undamaged flow of the free stream and cast off the boundary layer effects
(Kukner et al, 2016 as cited by Cairns et al, 2021). Besides, towing kite includes the
improvement of the ship’s performance and safety by the reduction of torsion and
slamming forces generated by waves (Pan et al, 2021). This fact is explained by Chou
et al. (2021) by the attachment point of towing kite being lower than that of
conventional sails lowering them the roll heeling moment. A table comparing kite sails
and flettner rotors from an operational perspective is the following.
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Table 4. comparison between rotors and kites

Source: Chou et al. (2021)

Mentions on the reduction of the fuel consumption for ships using kite sails are full of
praise. Kukner et al. (2016) estimate the fuel savings with kite sails when considering
the weather conditions along a full route to be in the range of 10% to 35%. Some ships
using Skysails the leading kite technologies claimed 10% to 15% reduction in fuel
consumption (Petković et al, 2021). The author mentioned a 32% of fuel saving
provided by kite sails on five potential trade routes, 10% on a 10000 DWT tanker on
a wind speed of 10m/s and on a wind speed of 15 m/s, up to 50% of fuel was saved.
The fuel consumption reduction offered by this wind technology appears to be volatile.
The performance of towing kites on some ships are given in the table below.

Table 5. fuel savings of kite
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Source: Chou et al. (2021)

However, this promising technology is not without challenges. In fact, launching and
keeping the kites flying are among the practical issues of this technology which entered
into insolvency. Pan et al. (2021) state that the difficulty to launch, automatically
control the kite’s flight, manage their recovery operations bearing in mind the ship
conditions at sea, and land kite sails make this technology less interesting than
conventional sails despite its potential.

Known equally as Flettner rotors, rotor sails consist of a cylinder rotating around its
vertical axis and producing a propulsive force through the Magnus effect. The Magnus
effect is the alteration of the airflow around a spinning object causing the deviation
from its intended direction due to the conservation of the momentum principle. The
Magnus effect with rotor sail starts when wind meets the rotating flettner rotor, an
acceleration and deceleration of the airflow is occurring on each side of the rotor sail.
This changing speed of the airflow accordingly to the Bernoulli equation ushers in the
difference of pressure generating thus, a lift force orthogonal to the wind flow (“wind
assisted”, 2021). In depth, the high pressure at the bottom of the cylinder and the low
pressure at the top as well as the viscosity of the air give way to a creation of a
boundary layer around the cylinder generating the lift force (Talluri et al, 2018). The
revolution is generated by an electrical motor. This technology dates back to 1925
where Anton Flettner used this technology for marine application. The two firsts of
this kind was installed onboard the Backau which crossed the Atlantic to New York
port with twins rotating cylinders proving the readiness of the concept for propulsion
purpose. The figure below illustrates the forces acting on a flettner rotor fitted with a
Thom disc which increases its aerodynamic effects.
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Figure 4. Magnus effect and forces

Source: Petković et al. (2021)

Many literature underlines the superiority of flettner rotors over the others wind
technologies by the degree of adoption, some technical features, and the interesting
amount of reduction in fuel consumption and energy efficiency compared to the others.
The table presenting the recent WASP technology adoptions display a preference
toward rotor sails as shown below.

Figure 5. Adoption of WASP TECHNOLOGY
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Source: Chou et al. (2021)

Technical advantages of flettner rotors are the relatively small space on the deck area
compared to other wind technologies. In fact, Rotor sails occupy less space than soft
sails and wind sails (Lu & Riberg, 2020). Compared to towing kites, flettner rotors on
certain routes may produce more power because their output power fluctuates less (Pan
et al, 2021). This entails that rotor sails are less vulnerable to weather conditions and
geographic location than towing kites (Chou et al, 2021). The author adds that rotors
are proven to be more scalable than kites. In fact, the power output of rotors is likely
to increase linearly with their numbers. This technology is available in various sizes
and settings making them fit for retrofitting on numerous type of vessels (Khan et al,
2021).
A simulation performed by Tillig et al. (2020) on a Roro and a Tanker mounted with
4 flettner rotors showed fuel savings up to 55% and 65% respectively for each vessel.
4 flettner rotos mounted onboard the cargo E-Ship 1 were able to increase the energy
efficiency in favourable wind conditions by 35% (Pan et al, 2021). Onboard the same
ship, 22.9% of fuel was saved during a voyage between Emden and Portugal Lloyd’s
register classification society monitored the handling test of a bulk carrier model fitted
with a flettner rotor (Schmidt, 2013). The test indicated the provision of half of the
thrust required in light winds and total thrust required in moderate winds (Hildaris &
Cheng, 2012 as cited by Lu & Riberg, 2020). A review of rotor sails performance in
terms of fuel saving is given in the following table.
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Table 6. Rotor sails fuel savings

Source: Chou et al. (2021)

It can be noticed that the savings are volatile and outstanding fuel reductions happen
mostly in simulations, modelling or tests. More realistic cases are for instance that of
the two Norsepower rotors fitted on a Roro in 2015 resulting in an annual 5% fuel
savings claimed by the ship owner and the company Norsepower (Lu & Riberg, 2020).
The author conducted a parametric study of 9 different cases using a Handysize Bulk
Carrier and an Aframax Oil Tanker to see the effects of 3 WASP soft sails, wind sails
and flettner rotos and factors influencing their performance on two routes. Results for
flettner rotors indicate 6% and 5% of fuel saving respectively for Route 1 and 2 for the
Tanker, 12% and 8 % for each route for the Bulker. This study shows that many factors
ranging from height, diameter, location on the deck, service speed impact the results
of the fuel savings from flettner rotors (Lu & Riberg, 2020 as cited by Chou et al,
2021). This might explain the volatility denoted in the table 6.
However, some downsides of this technology have been highlighted. Noise of rotors
have been identified by Nelissen et al. (2016) as a barrier to the use of this technology
to its full potential. Many literatures argued that rotors are not technically fit to
container vessels due to the relatively high deck spare required for their installation.
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Nelissen et al. (2016) explain this fact by the constraints raised by the total projected
area and the aspect ratio. Khan et al. (2021) give a perspective to this fact by
mentioning folded rotors which is as well a good mechanism to set off the added drag
produced by rotors resulting unfortunately in an increase in fuel consumption. On this
fact, it is important to remember that there are unfavourable wind angles where the
rotors output is negative and therefore, costs much to the ship. By analysing the thrust
force of a Norsepower flettner rotor from Norse power company, headwinds and
tailwinds are not producing any force, in some cases it is negative. Nelissen et al.
(2016) by tracking ships through their AIS data, demonstrate no savings when ship
sails head windward and small savings from tailwinds.

Wing sails be they rigid or flexible are the most famous type of wind technology used
in the maritime sector. They are as popular as flettner rotors and kites.
What really distinguishes this technology to soft sails is the material which is mainly
soft for the first and a blend of soft and hard parts for rigid sails. According to Khan
et al. (2021), rotors, kite and sails are currently the top 3 of the WASP technology
configurations.
Wing sails create a thrust force thanks to the aerodynamic performance of the sails.
The forces applying on wing sails are shown in the following picture.

Figure 6. Forces on a wing sail

Source: Ariffin & Hannan (2020)
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Rigid sails come with numerous upside. The great aspect ratio of rigid or wind sails
comes with a better performance compared to soft sails Khan et al. (2021). This mature
technology with a small motor, does not have a complex architecture and does not
suffer from much uncertainties on its price (Petković et al, 2021). Atkinson et al.
(2018b) performed a SWOT analysis on the use of rigid sails on modern powered
vessels. It indicates that installing rigid sails on ships enables the reduction of fuel
consumption. The extent of fuel saved depends on factors such as the type of the sails,
the total sail area and the wind conditions. An operational experience of the MV
Ashington, a 7000 DWT bulker mounted with a Walker wing sails type of rigid sails,
reported fuel savings of up to 30% after 5 months of voyage (Bonney & Walker,1986).
In addition to fuel savings, emissions are reduced because they are linked by the
combustion. There is no emission if there is no fuel to burn. Therefore, by saving fuel,
ships are intrinsically reducing their negative externalities. Atkinson & Binns (2018a)
estimates that 10% fuel savings can lead to 10% reduction in Co2 emissions. fuel
represents a great portion in operating expenses for shipowners. Therefore, saving fuel
brings economic benefit in terms of operating costs. Moreover, fuel savings through
sails means smaller fuel tanks and more space for cargo (Atkinson & Binns, 2018c).

Previous studies:
Some literatures have mentioned the importance of studying the aerodynamic effects
between sails. The need to rigorously analyse the flow around a wing sail is raised by
the complexity in operating multiple wind sails. Nyanya et al. (2021) stressed on the
relevance of analysing the sails to sails interaction effects in order to measure the
impacts on power output resulting from the deviation of the wind flow by sails
mounted one behind the other. Khan et al. (2021) expressed the pertinence of such
study to investigate the effect of the large heeling moment created by wings aspect
ratio on the stability of the vessel. The authors think that another importance of
aerodynamic resides on their ability to study the separation of the flow experiencing
by wings.
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Viola et al. (2021) used CFD to compute the aerodynamic forces of multiple sails on
board a KVLCC2M type hull. They pointed that the importance of the aerodynamic
efficiency of the sails to achieve higher thrust contribution.
A further study of Atkinson & Binns (2018A) is about the analysis of the airflow,
surface pressure and drag features of another version of SRS in order to evaluate the
implications of installing one or more SRS on various configurations on board vessels.
The best configuration for large bulker, tanker or cruisers or Roro vessels with
considerable deck space is the array configuration where more than three SRS are
mounted from fore to aft on each side of the ship. downsides of this configuration
include the considerable airflow between the sails with an apparent wing moving
towards the beam.
Ouchi et al. (2013) proposed the Wind Challenger project consisting of 9 pieces of
large rigid sails with self-rotating mechanism and telescopically reefable installed on
a 180000 DWT product carrier with a 9000m2 of total sail area to assist ship
propulsion. The rigid sails were installed from fore to aft and the interactions between
sails were studied using a CFD tool. CFD was used to analyse the performance of the
9 wing sails in view of maximization. The particularity of this project is the ability to
compute the performance of each sail individually. A voyage simulation performed
for 3 different sea routes from Yokohama to Seattle indicated an 80% energy output
for propulsion and up to 30% of fuel savings.
A few list of studies addressing wind technology using CFD is given as follow:

Table 7. Wind technology studies using CFD
Technology

Source

Title/Methodology

Soft sails

(Hasselt & Feenstra ,2015) Comparison of performance of an
Eco

liner

conventional ship
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with

similar

Rotor sails

8Craft et al, 2012)

Performance analysis of rotor
fitted with Thom discs along its
surface cylinder

(Zhu,2020)

Aerodynamic

investigation

of

wind powered ships under extreme
conditions
(Li et al, 2019)

Performance

analysis

of

collapsible wing sails
(Li et al, 2020)

Aerodynamic

study

of

flap

geometric parameters of 2 wing
sails
Wing sails

(Viola et al, 2021)

Aerodynamic study of multiple
sails on a ship with KVLCC2M
hull

(Lee et al, 2016)

Aerodynamic analysis of the flow
interaction

effect

and

characteristics of multiple wing
sails
Source: Author

3. RESEARCH METHODOLOGY
3.1 Introduction
The approach of this paper is to evaluate the effects of sails to sails interaction in the
wind propulsive power and compare the obtained results with two previous studies.
It appears that multiple sails are not producing equally the same thrust force as the
flow around sails is different and the interaction flow might impact the sails output.
Some might consider that the power produced by multiple sails is that produced by
one sail multiplied by the number of sails which might impair the calculation of the
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fuel saved and the potential energy efficiency. To be more precise, it is necessary to
include the sails to sails effect. That realistic fact provides a better evaluation of the
fuel saved and energy efficiency of a vessel fitted with WASP technology.

The original plan of the paper is to make good use of the valuable results from Nyanya
et al. (2021) who developed a python program computing the optimum sail angle at
different wind conditions and at a given ship’s speed. This enables to pursue the
analysis with initial conditions that are already optimal. The research will then
complement their findings through Computational Fluid Dynamics.
The second approach is to calculate the total Thrust force, and the power contribution
of the sails.

3.2 Proposed methodology
This research will be broken down into 5 steps. The steps 1 and 2 consist with the
design of the ship and the sail. After that the computational domain will be created.
The steps 4 and 5 will be dedicated to the visualization of the flow and the calculation
of the thrust and drag forces as well as their coefficient. The process will be repeated
for 3 sails and if possible 7 sails.
The schema representing the steps in the methodology.

29

Figure 7. Methodology sketch
ship design
CD creation
sail design

flow
visualization
Force and coefficient
calculation
Power calculation

Source: Author

4. CALCULATIONS: CONCEPTUAL DESIGN
The conceptual design is related to the definition of parameters to use for the CFD. In
fact, before running CFD software many variables have to be known. The definition
of these variables might come from previous works on the topic, projects or related
research or literature review.

Given the scarcity of information available on ships to the public, the bulk carrier
Epiphania was used for the purpose of this study. The ship’s specification and
dimension can be found on Clarkson Research. However, in the context of this study,
the interesting characteristics are:
Displacement: 80276 DWT
LOA:229m
Beam: 32.24m

Draught:14.5m
Moulded depth: 20.10m
Vessel speed: 14,4 knots
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The specific fuel oil consumption (SFOC) is considered at 80% of load with
conventional turbocharger SFOC= 159 g/kWh (“MAN B&W”, n.d, p.19).

To obtain the available effective power of the sails, the IMO 2013 MEPC.1/Circ.815
guidance on treatment of innovative energy efficiency technologies for calculation and
verification of the attained EEDI provides with the following formula:

Where:
Vref: ship’s reference speed assumed to be 13 knots (6,7 m/s) for comparison with
Nyanya et al. (2021)
Wi, j: global wind probability matrix simplified by IMO
0,5144: speed conversion factor to m/s
F(Vref)i, j: Force matrix of the wind propulsion system at Vref. The python program
computing the Force for NACA0015 was extracted from Nyanya et al. (2021)
P(Vref)i, j: Matrix Power required to operate the sails at Vref
ηT: Total efficiency of the main engine at 75% of the Maximum Continuous Rating
(MCR) given to be 70% if there is no specification.

The appendix 3 presents the product of the global wind probability given by IMO with
the matrix force deriving from the Python code given by Nyanya et al. (2021) for
NACA0015.

The wind propulsive force at the optimum sail angle per sail area for NACA0015 at
13 knots is: (F(Vref)i,j * Wi,j)= 26.2 𝑁/𝑚2
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According to the IMO’s guidance, 𝑃(𝑉𝑟𝑒𝑓 )𝑖,𝑗 represents the power demand in Kw for
the operation of the sails. Hence, this demand is negligible and have not been used in
numbers of research. Therefore, the product of the power consumption matrix and the
global wind probability matrix is assumed to be 1𝑊/𝑚2 .

It comes that the available effective power per sail area at 13 knots is:
0.5144 × 13
𝑓𝑒𝑓𝑓 . 𝑃𝑒𝑓𝑓 = (
× 26.2) − 1 = 249.29 𝑊/𝑚2
0,7
For the calculation of the sail area, assumptions have to be made.


The height of the sail is assumed to be 50𝑚 according to the historical sails
dimensions (Nelissen et al., 2016 as cited by Nyanya et al., 2021).



For the length of each wing sail, Nelissen et al. (2016) suggested a set of criteria
for the selection of size and features of wind units tailored to each wind
technology. It is mentioned that for a bulker of 90000DWT, 5 wing sails of
50𝑚 × 18𝑚 were a good fit. In this study the length is assumed to be 18m.



One wind assisted version of the ship could have 3 sails, whilst a full sail power
version may have a larger number of sails. In fact, historical considerations
made by Lee et al. (2016) linked the number of sails to the size of the ship. On
top of that, observations have demonstrated that the area of the first three wing
sails exhibit the most dynamic flow interaction. In any case, that number will
be verified further.



For the fraction of deck, it makes sense that the good fraction is less than 80%
of the surrounding rectangle with dimensions of LB and higher than 50% of
that rectangle in order to accommodate other installations such as
superstructure, tanks, cranes, etc... That is why the sail length is assumed to be
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55% of the LOA. However, Shukla & Ghosh (2009) give a formula for the
calculation of the maximum sail area for wing sails. (∇)

2⁄
3

× 𝐾 = 𝑆𝐴, where

∇ is the ship’s displacement volume and 𝐾 = 3.2 constant value for wing sails.
In the case of the bulk carrier Epiphania, the maximum sail area for ship’s
displacement in salty water is 6259.2 m2.


Sails are rectangular and identical from NACA0015 profile distributed along
the longitudinal axis of the ship distanced by 1.1 times the chord length as
suggested by Shukla & Ghosh (2009) or 1.5 times as suggested by Lee et al.,
2016). Therefore, the interval between one sail to another is then 20 𝑚.



The choice of NACA profile is due to their characteristics symmetrical, their
popularity and their zero camber that prevent the negative effects from the
camber (Lee et al., 2016). On top of that, Atkins (1996) state that symmetrical
aerofoils which are inherent to wing sails offer the capacity of creating an equal
lift force from either side of the profile centreline with a leading edge flow.
Underlines the aerodynamic performance of NACA series aerofoil over other
type of sails along with its long historical use in both the maritime and aviation
sector.

The following paragraphs strive to provide the total propulsive power of the sails.
Number of research have done this calculation without taking into consideration
the distance between sails. Nyanya et al., (2021) focused only on the number of
sails to find the sail area, either did Shukla & Ghosh (2009). Yet, the sail area is
different when including the sails spacing and may provide a totally different
power. For all those parameters are linked, their definition should be done
thoroughly and more logically.
This part will include three calculation scenarios of the wind propulsive power and
a further analysis of the power outputs will enable to decide on the right
parameters.
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Calculation of the total propulsive power:
Area per sail
ℎ𝑒𝑖𝑔ℎ𝑡 × 𝑐ℎ𝑜𝑟𝑑 𝑙𝑒𝑛𝑔𝑡ℎ = 50 × 18 = 900 𝑚2 (Nyanya et al., 2021)
Propulsive power per sail:
𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑠𝑎𝑖𝑙
× 𝑛𝑒𝑡
𝑝𝑜𝑤𝑒𝑟
The maximum
possible
sail
area: 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑝𝑒𝑟 𝑠𝑎𝑖𝑙 𝑎𝑟𝑒 = 900 × 0.24929
= 2224.36 𝑘𝑊
2
𝐾 ×produced:
(∇ ⁄3 ) = 𝑆𝐴 = 3.2 × (86507.41 ⁄3 ) = 6259.2 𝑚2
Net total power
𝑁𝑒𝑡 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑠𝑎𝑖𝑙 𝑎𝑟𝑒𝑎 × 𝑛𝑏𝑟 𝑜𝑓 𝑠𝑎𝑖𝑙𝑠 = 224.36 × 3 = 673 𝑘𝑊
By including the spacing, it comes that:
Area per sail:
ℎ𝑒𝑖𝑔ℎ𝑡 × (𝑐ℎ𝑜𝑟𝑑 + 𝑠𝑝𝑎𝑐𝑖𝑛𝑔) = 50 × (18 + (18 × 1.1)) = 1890 𝑚2
However, the spacing between sails does not yield any power, that’s why it
cannot be taken into consideration in the power calculation.

Assuming that the sail length accounts for 55% the value of the ship’s
LOA, it yields that:
The total sail area:
ℎ𝑒𝑖𝑔ℎ𝑡 × 𝑠𝑎𝑖𝑙 𝑙𝑒𝑛𝑔𝑡ℎ = 50 × 0.55 × 229 = 6297.5 𝑚2 about 85% of the
deck area
Net total power produced:
𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑖𝑙 𝑎𝑟𝑒𝑎 × 𝑛𝑒𝑡 𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑝𝑒𝑟 𝑠𝑎𝑖𝑙 𝑎𝑟𝑒𝑎
= 6297.5 × 0.24929 = 1570 𝑘𝑊
In that configuration, the adequate number of sails including the spacing is:
6297.5 ÷ 1890 = 3.3
Without the spacing, it is:
6297.5 ÷ 900 = 7

According to Nelissen et al. (2016), the right number of sails respect the fact that the
total projected area by the power of the dead weight tonnage should be less or equal
to 2.25.
In this case,

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑖𝑙𝑠×𝑤𝑖𝑑𝑡ℎ×ℎ𝑒𝑖𝑔ℎ𝑡
2
𝐷𝑊𝑇 ⁄3

= 1.45 ≤ 2.25. this condition limit the

number of sails to 5.

At 14.4 knots the engines require a power of 110630 kW to propel the ship.
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𝑉1

Knowing that 𝑃1 = 𝑃2 × (𝑉2)3
The power required by the engine at different speed is:

Table 8. Required Power engine
Vs(knots)

4

7

10

13

Peng(kW)

237.05

1270.46

3703.97

8137.62

Source: Author

The following graph shows that the share power from the sails are enough to propel
the ship at a certain speed. For instance, the percentage power contribution of sails at
842.41

7 knots is 1270.46 × 100 = 66.30%.
Figure 8. Sails Power and engine power
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Discussions of Results:
The calculations were made by using the sail area of 6297.5 𝑚2 accounting for about
85% of the deck area.
When considering the power required by the engines by that produced by the sails at
7 knots, it shows that sails are capable to contribute to more than 50% of the ship’s
propulsion at 7 knots. They can actually propel the ship at 66% and then reducing its

35

emissions and fuel consumption at that percentage. In fact, sails propulsive power
increases as the ship resistance decreases with the ship’s speed. Song et al. (2019) state
that the performance of the sails improves tremendously as ship is lowering its speed
leading to less ship’s resistance.
For sails to be able to fully operate the ship at 7 knots, the sail area should be increased
to 19338.85𝑚2 giving an extra 13041.35 𝑚2 which is more than double the value of
the deck area. This option is not feasible at 7 knots but possible for lower speeds. In
any case, increasing the sail area is not without drawbacks. According to Julia et al.
(2020), incrementing the sail area has positive effect on the thrust power and the power
by the Ricochet effect but might increase the ship resistance through side way forces
and extra weight.
Consequently, to get the desired result it is possible to envision to keep the sail area
constant and setting the dimensions of sails higher or increasing the number of sails
on the deck.
While increasing the chord length to 25m, 3 sails distanced by 4 times their chord
length will produce an approach desired outcome, mounting 7 wing sails with similar
span so that the interval between them is 0.1 times their chord length, the expected
wind propulsive power would be achieved successfully. But those two scenarios are
more unlikely considering that the maximum sail area calculated from the formula
given by Shukla & Ghosh (2009). 5 sails are more reasonable in order to respect this
formula due to the fact that 7 sails are yielding an area of 8750 m2. Therefore, keeping
the sail area constant and increasing both the chord length and the number of sails to
a reasonable amount is the best way to improve the wing sails power output. The study
of Traut et al. (2014) about a general cargo equipped with two wind over five different
sailing routes revealed that the scalability of sails will be effective for a larger number
of sails.
Viola et al. (2015) define it as the wing sail aspect ratio. In fact, keeping the sail area
and the height of the sails constant and increasing the number of wings as well as their
chords is more power efficient. If this alternative is combined with the conditions
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leading for the optimal sail angle for maximum power as studied by Nyanya et al.
(2021), the wing sails propulsive outputs will be greater.
In this regard, the Computational fluid dynamics will take those parameters as data
inputs.

4.1

CFD Calculations

The object of this part is to find the Thrust force applying along the sails, the power
saved and analyse the result obtained. The different steps followed in that process are:
Figure 9. Simulation process
entering the geometry of
the ship in SALOME
entering the geometry of
one airfoil and copy it to 3
extrude the aerofoil by
their height
Rotation of the aerofoil to
45 degree

Translation of aerofoil

Create a box representing
the computational domain

Definition of the faces

Creation of a block mesh

importation on Paraview
through UBUNTU
Visualization of the flow
and the forces

Source: Author
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Wind direction and force, optimal sail angle as well as other parameters have been
taken from the outputs of Nyanya et al. (2021) study.
The computational domain is presented below. The dimensions are (2.5LOA; 4LOA;
1.5LOA).
The CFD simulation employed a steady incompressible Reynolds Averaged Navier
Stokes (RANS) computations using the SimpleFoam algorithm. The computations
used the built-in Spallart Allmaras turbulence model. The velocity was specified using
X, Y, and Z vectors in the volume of the computational domain representing the air,
whilst the water surface was moving below the ship against the heading of the ship, at
the speed at which the ship was sailing. The no-slip condition was applied to all
surfaces of the ship and sails.

Figure 10. Computational domain

Source: Author

4.2

Validation of the Computational domain

To ensure the conformity and the certainty in the results, a validation of the
computational domain is essential. To achieve this aim, simulations using different
dimensions of the box defined using the ship’s Length Over All (LOA) will be
analysed in this part to check the independence of the results from the size of the

38

computational domain. Five simulations involving one sail mounted onboard
Epiphania in true wind condition of 90° of angle and 25 m/s of speed. The ship’s speed
is 6.7 m/s. Different mesh dimensions were:
Mesh1 (LOA, 2LOA, 0.5LOA), Mesh2 (2.5 LOA, 4LOA, 1.5LOA), Mesh3
(3LOA,6LOA,15LOA), Mesh4 (5LOA,7LOA,4.5LOA), Mesh5 (3LOA, 4.5LOA,
1.5LOA). The results are presented in the table below:

Table 9. Mesh independency
Mesh

volume Ct

Cl

1

24858

8.709206

5.819191

2

27993

7.299679

5.556195

3

29833

8.28554

6.083122

4

28712

5.461289

4.2219

5

31585

6.815706

5.558151

Source: Author

The Thrust and lift coefficient Ct and Cl give an indication on the ideal mesh.
Because the volume of the box is not scalable, this mesh is unstructured.
According to Zhu (2020), structured mesh provides more accurate and
controllable results than unstructured mesh. However, looking closely at the
mesh 4 and 5, Cl and Ct can be assumed converged. Typically, the larger
domain would be expected to have the most accurate results, since the results
are less affected by the finite size (and boundaries) of the computational
domain. However, bigger domains are time intensive and require more
computational power. The simulations conducted in this study are using the
mesh 2 which is a relatively a medium size domain. This choice is justified by
the limited computational resources at the disposal of the author requiring a
trade-off between computational cost, feasibility and accuracy. this limited size
was chosen to give a reasonable trade-off between and accuracy. You may plot
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the volume vs Ct and indicate the size chosen. Future work may consider more
powerful computers for computations.

Only one sail is mounted on the ship deck. The ship dimensions are that of Epiphania,
and the sail has a chord length of 25m with a height of 50m constructed from
NACA0015 aerofoil. The bottom surface of the ship represents the water flow.
However, the most important flow here is the air applying on the sails.
The next step is to visualize the flow around the sail using the initial conditions from
Nyanya et al. (2021) optimization result. Eventually the thrust force and its coefficient
will be calculated and compared to results from Nyanya et al. (2021). All the cases
will be computed with a ship’s speed of 6.7m/s and a true wind speed of 25m/s. These
conditions have been selected to apply simulations on similar grounds than the
reference paper in order to comment on the same basis.
The different conditions are as follows:

Table 10. Simulations condition

True

Condition 1 Condition 2

Condition 3

Condition 4

45 °

135°

180°

121.18°/22.28m/s

180°/18.30m/s

71°

90°

90°

wind
Apparent

35.6°/ 30.7 259°/

wind

m/s

Optimum 26.5°

25.88m/s
60°

sail angle
Source: Author

The coordinates of the apparent wind are as follows:
U1= (18.02, -24.85,0); U2= (15.19, -20.95, 0); U3= (13.08, -18.03, 0); U4= (10.74, 14.81, 0).
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4.3

Visualization and calculations

Flow visualization for one sail: the following pictures present the visualization of the
distribution of the velocity magnitude for Reynolds number up to (7.4e1) for each
condition from top to bottom and left to right. The second picture shows the pressure
on the aerofoil and the ship.

Figure 11. visualization of the flow around one sail

Source: Author

The visualization of the wind velocity in the pictures shows that there is a wake at the
trailing edge indicating the airflow leaving the sail. The picture of the pressure shows
that the face receiving the wind is experiencing more pressure than the other. The
direction of both true and apparent wind are coming from the sector mentioned in each
condition. This schema is concurring with the prediction from Nyanya et al. (2021)
on the aforementioned conditions.

Calculations with one sail:
The force thrust produced by the wing sail is expressed as:
𝑻 = 𝟎. 𝟓 × 𝝆𝒂 × 𝑽𝒂 𝟐 × 𝑪𝑻 × 𝑨
Where T is the thrust in N or kg.m/s2 , 𝜌𝑎 = 1.2754 𝑘𝑔/𝑚3 is the air density
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Va is the apparent wind speed in m/s, A is the sail area in m2 and CT is the thrust
coefficient which is a constant.
The sails power is expressed as followed:
𝑃 = 𝑇 × 𝑉𝑠ℎ𝑖𝑝
Where T is the thrust force in N, Vship the ship’s speed in m/s.

Table 11. Calculation results from one sail
Condition 1

Condition 2 Condition 3 Condition 4

T(N)

84425

281666

278973

201421

CT

1.27

7.87

7.79

5.62

Psails (kW)

566

1887

1869

1349

Source: Author

Flow visualization with 3 sails:
The distance between the sails here is 1.2 times their length. It means sails are 60 m
far from each other on the deck. The wind velocity around 3 wing sails is as follows:

Figure 12. visualization of the flow around three sails

Source: Author
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The first condition is verified in the picture. The flow velocity is more intense between
the two first sails comparing to the two last sails, indicating thus its low angle direction.
That direction is indicated by the wake leaving each sail. The magnitude of the
interaction effect is between 20 to 40. The velocity shows almost nothing at the surface
but more on the water while the pressure picture on the right shows that the side
receiving the flows are prone to high pressure than the trailing edge.
For the second condition, the apparent wind is acting more on the first sail. This is
normal due to the fact that the wind coming from a particular direction will not have
the

same

effects

on

different

objects

located

at

different

locations.

The second sail endures less effect than the others.
It can be observed in the third condition that when the wind is backing beam, it affects
the sails almost equally. This observation should be verified with the last condition
which is actually the case.

Calculations with three sails:
The results obtained with three sails in an area three times bigger is as follows:

Table 12. Calculation results from 3 sails
Condition 1 Condition 2 Condition 3 Condition 4
tT

245704 N

836112 N

734903 N

660195 N

CT

2.3

7.79

6.85

6.14

Psails (kW)

1646

5602

4924

4423

Source: Author

The following simulation will be conducted using 5 sails on the deck.
Flow visualization with 5 sails
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Figure 13. Visualization of the flow around five sails

Source: Author

With 5 sails, it seems that the wind is equally distributed on the deck area. The wind
magnitude is higher on the right of the first sail and relatively high on the left of the
last sail.
Calculation with 5 sails:
The results yields by five sails in an area 0f 6250 m2 is as follows:
Table 13. Calculation results from 5 sails
Condition 1 Condition 2 Condition 3 Condition 4
tT

390378 N

992542 N

939746 N

769778 N

CT

2.18

5.55

5.25

4.3

Psails (kW)

2615

6650

6296

5157

Source: Author

Comparison of average Thrust force per sail.
To visualize the tendency of the average thrust force per sails. A polar curve has been
plotted.
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Figure 14. Thrust force per sail

Polar plot of forces per sail
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5 Sails
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4

Source: Author

Comparison of the average Power produced per sail
Considering the Power produced by three and five sails in each condition, it would be
interesting to check the power produced per sail in each case. The figure below
presents the power produced by three and five sails at each condition. The conditions
are numbered in the x-axis.
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Figure 15. Power per sail

Power per sail
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Source: Author

6. DISCUSSIONS OF RESULTS
Concerning the force produced by one sail for each condition, these values show that
the best condition if the ship is equipped with only one sail is the condition 2. Sails are
more performant as the true wind came from an angle of 90° with sail optimal angle
of about 60°. This is also true for 3 sails and 5 sails. This finding aligns with that of
Nuchturee et al. (2020) who state that wing sails reach their maximum efficiency for
low ship speeds across the wind. 10% reduction in maximum propeller thrust is
achieved for ships sailing in true wind coming angle (TWA) of 90°. Viola et al. (2015)
found that ships reach their maximum gain across the wind. The Wind Challenger
project led by Ouchi et al. (2013) had identical results with best angle of wind apparent
being (080°-120°).
Regarding the total thrust force produced, it can be observed that the total force thrust
force produced by three sails are averagely three times that produced by one sail. In
this case, the simple approach developed by Nyanya et al. (2021) seems to be verified.
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It is then essential to ascertain this finding by simulating the flow around a bigger
number of sails and calculate the total thrust.
On average, the total thrust force given by 5 sails is 3.83 times the force produced by
one sail in this case. This result aligns with the approach of Nyanya et al. (2021) which
considered a Tanh saturation function limiting the power due to the fact that sails
started blocking wind each other. In this case, the scalability of wind sails is
approached but not reached.
In depth, it should be noted than in the 3 sails cases, there were enough space on the
deck to have each of them distanced from each other by more than their height. In fact,
in the second simulation, sails had 60 m of space between them which represents 1.2
times their height. Despite this space does not produce any force at all, it is big enough
to minimize the sails to sails interaction effects. However, in some cases such as the
condition 3, the total thrust force was 2.6 times that of one sail. In this regard, wind
statistic might be the reason explaining that fact despite that there is a reasonable
distance between sails.
The results yielded by the 5 sails confirm this finding. Actually, a distance of 35 m has
been defined between the sails which is 0.7 times their height. This short distance
between sails give way to increased interactions effects and eventually reduce the total
thrust force. In any case, there should be considerations for wind statistic or more
generally weather impact.
The more the sails, the greater the total thrust force, the power and the savings.
However, the comparison of the average power per sail and the average thrust force
per sail show that increasing the number of sails reduced the average power produced
per sail. At a certain point, the law of diminishing returns applies.
Additionally, the fact of putting more sails on the deck reduces the thrust coefficient
shows that mounting 5 sails with the characteristics mentionned in this study on board
the bulk carrier Epiphania is the best combination possible giving the constraints on
the maximum sail area by the formula of Shukla & Ghosh (2009), the sails to sails
interaction effects and the degree to which the thrust is amplified represented by its
thrust coefficient. The more the sails, the less the efficiency and performance of the
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rigs. This adequate number of sails found via CFD is verified by the calculation
performed in the previous chapter from the formula of Nelissen et al. (2016) limiting
the number of sails in a specific ship.
Fitting the dry bulk carrier Epiphania with 5 sails provides meaningful power output.
82% of the engine power could be supplied by the sails at 13 knots at an extreme wind
condition of 25m/s on a reach. By reducing the ship’s speed, it has been demonstrated
before an even more interesting share of the sails power on the ship’s propulsion. At
lower speeds, sails alone can propel the vessel.
In brief, if the distance between sails is greater than their height, the total thrust force
produced by multiple sails will more likely doubled and even more than doubled in
favourable wind conditions.

7. CONCLUSIONS AND RECOMMENDATIONS
After many centuries of over reliance on fossil-based energy, beginning catastrophic
impacts of climate change have led to a global commitment towards changing its
paradigm on energy production, consumption and utilization.
Driven by the Paris agreement vision to keep the global temperature rise well below
2℃ in this century and pursuing efforts towards limiting the global warming to 1.5℃,
the International Maritime Organization (IMO) has set stringent regulations for a
greener transportation through very ambitious goal aiming at phasing out
anthropogenic emissions in this century.
This ushered in a number of research and studies from the Research and
Development sector in order to make it possible. In this regards, some studies looked
back in the past to bring back an asset which worked well before engines came into
existence: wind propulsion.
Convinced that not only one solution is able to meet these ambitious goal, it is
obvious that combining alternative fuels with innovative technologies were key to
comply with these strict regulations. In this regard, wind assisted ship propulsion has
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regained momentum in the maritime sector. Few literatures have used 3D CFD to
conduct thorough investigation on the interactions inter wing sails to evaluate how
accurate could be the aerodynamic forces provided by the sails. Is it possible to
determine the best number of sails? What about the power contribution, the attained
EEDI in this optimal configuration?
This study shed more light on that matter by bringing the following conclusions:
-

The best output produced by wing sails mounted one behind the other occurs
at true abeam wind. This output is even meaningful at lower speed. At this
speed range, sails are capable of propelling the vessel alone.

-

Increasing the maximum sail area in order to improve the sails performance is
counterproductive as the ship resistance is increasing. Keeping the sails area
and their height constant, and increasing their chord length or the number of
sails will produce best results.

-

The right number of sails should consider the maximum sail area, the
characteristics of the sails, the wind statistics and the aerodynamic flow
between sails impacting their performance. More generally, wing sails are
scalable when the spacing between sails is higher than the height of the sails.

-

The more the sails, by the higher interactions between sails. Consequently, the
lower the thrust coefficient.

This study has been led using an extremely strong wind speed of 25 m/s for a ship
speed of 13 knots. Unfortunately, the results cannot be compared to that of the
second reference paper Ouchi et al. (2013) due to different simulation conditions
and number of sails. For the same reason, it does not make much sense to estimate
the fuel savings at this improbable condition. These conditions have been used to
align with the reference paper of Nyanya et al. (2021) to comments the results on
the same ground.
In this regard, it would be interesting to realise this study at lower different speed
winds to tackle the different weather condition encountered in a vessel in
operation.
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Another recommendation is to look closely on sails individually in order to
quantify the flow interaction through the variation of thrust force from one sail to
another. This study may as well give exact indication on sails distribution on the
deck area different from the traditional alignment.
It is important to remember in the context of further studies of this kind to validate
the independency of the results from the computational domain before starting the
simulation in order to select the best box dimensions. On top of that, using higher
computational power for larger domains is essential to achieve better accuracy of
results.
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Appendices

Appendix 1 bulker Epiphania characteristics
Epiphania
80,276 DWT Bulk Carrier Built 2012 (In Service)
Standard Details
IMO Number 9582116, Owners are Nomikos, Evangelos, Built at STX SB (Jinhae)
delivered in Feb 2012, Bahamas Flagged, NKK Classed, P&I insurance with West of
England P&I, Length Overall of 229.00 m., Length Between Perpendiculars of
222.00 m., Draught of 14.50 m., Beam of 32.24 m., 70.32 Tonnes per Centimetre
Immersion, Gross Tonnage of 43,839, Design STX 81K by STX Offshore & SB,
MAN B. & W. Engine, Speed of 14.40 kts, Intermediate Fuel Oil - Very Low
Sulphur (VLS IFO), Horsepower of 15,037, Power Type: Diesel 2-Stroke, BWTS
(Pending).
Company Details
Owner: Nomikos, Evangelos P., Corporation, 4-6 Efplias Street, Piraeus, Greece,
185 37, Telephone Number: +30 (0) 21 0452 2523, Fax Number: +30 210 428 0840.
Technical Manager: Nomikos, A.E., Shipping Investments Ltd., 3, Agiou Nikolaou
Street, Piraeus, Greece, 185 37, Telephone Number: +30 (0) 21 0429 2740, Fax
Number: +30 210 429 4347, URL: http://aenomikos.gr.
Operator: Oldendorff Carriers GmbH & Co KG (Egon Oldendorff), Willy-BrandtAllee 6, Lubeck, Germany, 23554, Telephone Number: +49 (0) 4511 5000, Fax
Number: +49 451 73522, E-mail Address: chartering@oldendorff.com,
URL: http://www.oldendorff.com.
P&I insurance with: The West of England Ship Owners Mutual Insurance
Association (Luxembourg), Tower Bridge Court, 226 Tower Bridge Road, London,
United Kingdom, SE1 2UP, Telephone Number: +44 (0) 207 716 6000, Fax
Number: +44 20 7716 6100, E-mail Address: mail@westpandi.com,
URL: http://www.westpandi.com.
Registered Owner: EPIPHANIA SHIPPING CORPORATION.
Eco Details
Power Type: Diesel 2-Stroke. BWTS (Pending).
ENVIRONMENTAL EQUIPMENT 1 x BWTS - Ballast Water Treatment System TechCross ECS-600 - Electro-Cleen™ at 600cu.m/hr - 2022 installation year. 1 x
BWTS - Ballast Water Treatment System - TechCross ECS-1000 - Electro-Cleen™
at 1000cu.m/hr - 2022 installation year.
Specialist Details
Grain Capacity of 95,172 cu.m., Side-rolling hatches, hydraulically operated, 7
Holds, 7 Hatches, strengthened for Heavy Cargo, Ship is able to transit the neo-
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Panamax locks of the Panama Canal based on current official dimension restrictions,
and is also able to transit the old locks.
Additional Information
IDENTIFICATION: Launch Name was Epiphania. Panamax Bulker, Call Sign
C6ZO7, IMO Number 9582116, Hull Number 1734. DIMENSIONS/TONNAGES:
Moulded Depth of 20.10 m., Keel to mast air draft of 47.67 m., Tonnage of 26,694
International Net and 79,008 Dwt (long). ENGINE DETAILS: Engine Description 2
S.A. 7-cyl., Engine Model 7S50MC-C7.1, 1 FP Propellor. CARGO HANDLING:
Bale Capacity of 91,548 cu.m.. SAFETY AND OTHER DETAILS: Last known
special survey in February 2017.
Equipment Details
MAIN ENGINE 1 x Diesel - MAN B. & W. 7S50MC-C7.1 - 2-stroke 7-cyl. 500mm
x2000mm bore/stroke 11,060mkW total at 127rpm.
AUXILIARY 3 x Aux. Diesel Gen. - MAN Energy Solutions 6L16/24 60Hz - 4stroke 6-cyl. 160mm x 240mm bore/stroke 1,980mkW total at 1,200rpm driving 3 x
ac generator(s) at 1,875ekW total, (2,343.75kVA total) 450V at 60Hz.
PROPULSOR 1 x FP Propeller (Aft Centre) (mechanical), Silla Metal, 127rpm.
OTHER ENGINE EQUIPMENT 1 x Screw Shaft.
ENVIRONMENTAL EQUIPMENT 1 x BWTS - Ballast Water Treatment System TechCross ECS-600 - Electro-Cleen™ at 600cu.m/hr - 2022 installation year. 1 x
BWTS - Ballast Water Treatment System - TechCross ECS-1000 - Electro-Cleen™
at 1000cu.m/hr - 2022 installation year.
EMERGENCY 1 x Emergency Diesel Gen. - Cummins Inc 6CTA8.3-D(M) - 4stroke 6-cyl. 114mm x 135mm bore/stroke 180mkW total at 1,800rpm driving 1 x ac
generator(s) 450V at 60Hz.
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Appendix 2: Python code for optimum data
######################################################
#############################################
### Optimisation model of rigid wing sail system for ships
########################################
### Mphatso N. Nyanya, Huy B. Vu, Alessandro Schönborn, and
Aykut I. Ölçer. #######################
### Wind and solar assisted ship propulsion optimisation and its
application to a bulk carrier. ###
### Sustainable Energy Technologies and Assessments 2019 - 2020.
##################################
######################################################
#############################################
import cmath as cmt
import matplotlib.pyplot as plt
import numpy as np
import os
import math
# Define dimensions and constants
Ustart = 1
# minimum Speed of ship
Umax =25
# maximum speed of ship
Anglemax = 360
# Maximum wind angle
Anglestep = 5
# Increment of the wind angle
datapoint = 360 # number of coefficient of drag and lift force
Fthrust = np.zeros((Umax,int(Anglemax/Anglestep),datapoint)) #
[N] Force to ship from wind
FthrustOptimum = np.zeros((Umax,int(Anglemax/Anglestep))) #
[N] Maximum force
Fangle = np.zeros((Umax,int(Anglemax/Anglestep),datapoint)) #
Angle between resultant force and ship velocity in real value
forceangle = np.zeros((Umax,int(Anglemax/Anglestep)))
#
Optimum angle of gamma to have maximum wind force
LiftdragData = np.loadtxt("NACA0015.txt")
# Input of lift
and drag coefficient
optimumangledata = np.zeros((Umax,int(Anglemax/Anglestep))) #
Best angle of attack between wind and sail
sailangle = np. zeros((Umax,int(Anglemax/Anglestep)))
# Angle
of attack between wind and sail
aparentwindangle = np.zeros((Umax,int(Anglemax/Anglestep)))
#define constant valuable
Vref = 6.7
Velocity of ship
rho =1
Density of air

# [m/s]
# [kg/m3]
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A=1
# the for loop starts changing wind direction:
for j in range (0,int(Anglemax/Anglestep)):
alpha = (j*Anglestep)*cmt.pi/180
[rad] Angel between Vref and Va

#[m2] Area

#

#for loop changing wind speed
for i in range (Ustart,Umax):
u=i
of wind

# [m/s] Velocity

if (Vref == - np.real(u*cmt.cos(alpha))):
theta = cmt.pi/2
# [rad] Angle
between apparent wind speed and ship
elif (alpha<=(cmt.pi/2)or alpha>=(3/2*cmt.pi)):
theta
=
cmt.atan(u*cmt.sin(alpha)
/(Vref+u*cmt.cos(alpha)))
elif ((cmt.pi/2)<alpha and alpha<(3/2*cmt.pi)):
theta
=
cmt.atan(u*cmt.sin(alpha)
/(Vref+u*cmt.cos(alpha))) + cmt.pi
Va = cmt.sqrt(u**2+2*u*Vref*cmt.cos(alpha)+Vref**2)
# [m2/s] Apparent wind speed
# optimize sail angle loop
for k in range (0,datapoint):
Cl = LiftdragData[k,1]
coefficient for the NACA Airfoil
Cd = LiftdragData[k,2]
coefficient for the NACA Airfoil
L = 0.5*rho*Cl*A* (Va**2)
Lift force
D = 0.5*rho*Cd*A* (Va**2)
[N] Drag force
if (L.real==0):
beta=cmt.pi/2
between resultant force and lift force
elif(L.real<0):
beta = cmt.atan(D/L) - cmt.pi
else:
beta = cmt.atan(D/L)
gamma = -cmt.pi/2 - beta +theta
Angle between resultant force and ship velocity
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# Lift
# Drag
# [N]
#

# [rad] Angle

# [rad]

Fr = cmt.sqrt(L**2+D**2)
Resultant force
Ft = Fr*A*(cmt.cos(gamma))
Force to the ship from Wind
Fthrust[i,j,k] = np.real(Ft)
Fangle[i,j,k] = np.real(gamma)
Angle between resultant force and ship velocity
aparentwindangle[i,j]=theta.real*180/cmt.pi
[degree] Angle between apparent wind speed and ship
FthrustOptimum[i,j] = np.max(Fthrust[i,j,:])
Maximum of Fthrust

# [N]
# [N]

# [rad]

#
#

optimumangle=LiftdragData[(np.argmax(Fthrust[i,j,:],axis=None)),
0]
# [degree] Best angle of attack between wind and the sail
optimumangledata[i,j] = optimumangle
#
[degree] Input values for optimumangledata
forceangle1= Fangle[i,j,(np.argmax(Fthrust[i,j,:],axis=None))]
# [rad] Best Angle between resultant force and ship velocity in
Radian value
forceangle[i,j]=forceangle1*180/cmt.pi
#
[degree] Best Angle between resultant force and ship velocity in
Degree value
sailangle[i,j] = aparentwindangle[i,j] - optimumangledata[i,j]
# [degree] Angle between the sail and the ship velocity
#plot value
fig
= plt.figure()
ax
= fig.add_subplot(241, polar=True)
arrow1=plt.arrow(0,0,aparentwindangle[24,0]/180*cmt.pi,10,alpha
=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,0]/180*cmt.pi,10,alpha=0.5,wid
th=0.01,zorder=2,lw=2,edgecolor='red')
arrow3=plt.arrow(0,0,forceangle[24,0]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,0/180*cmt.pi,10,alpha=0.5,width=0.01,zorde
r=2,lw=2,edgecolor='black')
ax.plot(0,0, '-k', label='Wind direction')
ax.plot(0,0, '-g', label='Apparent wind angle')
ax.plot(0,0, '-r', label='Sail angle')
ax.plot(0,0, '-b', label='Resultant force angle')
ax.legend(fontsize=6)
ax

= fig.add_subplot(242, polar=True)
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arrow1=plt.arrow(0,0,aparentwindangle[24,9]/180*cmt.pi,10,alpha
=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,9]/180*cmt.pi,10,alpha=0.5,wid
th=0.01,zorder=2,lw=2,edgecolor='red')
arrow3=plt.arrow(0,0,forceangle[24,9]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,45/180*cmt.pi,10,alpha=0.5,width=0.01,zord
er=2,lw=2,edgecolor='black')
ax
= fig.add_subplot(243, polar=True)
arrow1=plt.arrow(0,0,aparentwindangle[24,18]/180*cmt.pi,10,alph
a=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,18]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='red')
arrow3=plt.arrow(0,0,forceangle[24,18]/180*cmt.pi,10,alpha=0.5,
width=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,90/180*cmt.pi,10,alpha=0.5,width=0.01,zord
er=2,lw=2,edgecolor='black')
ax
= fig.add_subplot(244, polar=True)
arrow1=plt.arrow(0,0,aparentwindangle[24,27]/180*cmt.pi,10,alph
a=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,27]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='red')
arrow3=plt.arrow(0,0,forceangle[24,27]/180*cmt.pi,10,alpha=0.5,
width=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,135/180*cmt.pi,10,alpha=0.5,width=0.01,zor
der=2,lw=2,edgecolor='black')
ax
= fig.add_subplot(245, polar=True)
arrow1=plt.arrow(0,0,aparentwindangle[24,36]/180*cmt.pi,10,alph
a=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,36]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='red')
arrow3=plt.arrow(0,0,forceangle[24,36]/180*cmt.pi,10,alpha=0.5,
width=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,180/180*cmt.pi,10,alpha=0.5,width=0.01,zor
der=2,lw=2,edgecolor='black')
ax
= fig.add_subplot(246, polar=True)
arrow1=plt.arrow(0,0,aparentwindangle[24,45]/180*cmt.pi,10,alph
a=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,45]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='red')
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arrow3=plt.arrow(0,0,forceangle[24,45]/180*cmt.pi,10,alpha=0.5,
width=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,225/180*cmt.pi,10,alpha=0.5,width=0.01,zor
der=2,lw=2,edgecolor='black')
ax
= fig.add_subplot(247, polar=True)
arrow1=plt.arrow(0,0,aparentwindangle[24,54]/180*cmt.pi,10,alph
a=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,54]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='red')
arrow3=plt.arrow(0,0,forceangle[24,54]/180*cmt.pi,10,alpha=0.5,
width=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,270/180*cmt.pi,10,alpha=0.5,width=0.01,zor
der=2,lw=2,edgecolor='black')
ax
= fig.add_subplot(248, polar=True)
arrow1=plt.arrow(0,0,aparentwindangle[24,63]/180*cmt.pi,10,alph
a=0.5,width=0.01,zorder=2,lw=2,edgecolor='green')
arrow2=plt.arrow(0,0,sailangle[24,63]/180*cmt.pi,10,alpha=0.5,wi
dth=0.01,zorder=2,lw=2,edgecolor='red')
arrow3=plt.arrow(0,0,forceangle[24,63]/180*cmt.pi,10,alpha=0.5,
width=0.01,zorder=2,lw=2,edgecolor='blue')
arrow4=plt.arrow(0,0,315/180*cmt.pi,10,alpha=0.5,width=0.01,zor
der=2,lw=2,edgecolor='black')
plt.show()
print(Fthrust)
np.savetxt('FthrustOptimum0015.txt',
FthrustOptimum,
fmt='%10.16f', delimiter='\t', newline='\r\n',
header= 'Table format: FthrustOptimum 0015 \r\n')
np.savetxt('optimumangledata.txt',
optimumangledata,
fmt='%10.16f', delimiter='\t', newline='\r\n',
header= 'Table format: optimumangledata \r\n')
np.savetxt('sailangle.txt', sailangle, fmt='%10.16f', delimiter='\t',
newline='\r\n',
header= 'Table format: sailangle \r\n')
np.savetxt('aparentwindangle.txt',
aparentwindangle,
fmt='%10.16f', delimiter='\t', newline='\r\n',
header= 'Table format: aparentwindangle \r\n')
np.savetxt('gamma.txt', forceangle, fmt='%10.16f', delimiter='\t',
newline='\r\n',
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header= 'Table format: gamma \r\n')

Appendix 3 wind probability matrix and forward Thrust force from Python
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